Surface spin polarization of the non-stoichiometric Heusler compound Co2MnQSi. 
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Using a combined approach of spin-resolved photoemission spectroscopy, band structure and 
photoemission calculations we investigate the influence of bulk defects and surface states on the spin 
polarization of Co2MnaSi thin films with bulk L2i order. For Mn-poor alloys the spin polarization 
at Ep is negative due to the presence of CoMn antisite and minority surface state contributions. 
We show that in Mn-rich alloys, bulk CoMn antisites are suppressed which leads to a positive spin 
polarization at the Fermi energy, and the influence of minority surface states on the photoelectron 
spin polarization is reduced. 



I. INTRODUCTION 

Heusler compounds are intermetallic compounds with 
the composition X2YZ that crystallizing in the L2i struc- 
ture. X and Y atoms are transition metals and Z is 
a main group clement. Due to a high Curie tempera- 
ture and predicted full conduction electron spin polariza- 
tion, some members of the familiy of Heusler compounds 
are expected to improve significantly the performance of 
magnetic tunneling junctions (MTJs) based on the tun- 
neling magnetoresistance effeclii. 

Among the class of ferromagnetic Heusler compounds, 
Co2MnSi (CMS) has been most successfully applied in 
MTJs^i^. It is predicted to be a half metallic ferromag- 
net with a large magnetic moment of 5 /ie per formula 
unit and a high Curie temperature of 985 K^"— . All cal- 
culations predict a nearly half metallic behavior of bulk 
single crystals owing to a gap in the minority density 
of states around the Fermi energy, at least at low tem- 
perature. In contrast to the large bulk band gaps pre- 
dicted bydensity functional theory (DFT) calculations 
(cf. Ref. |5|) the experimental width of this band gap in 
thin film structures has been found to be about 0.4 eV 
using tunneling spectroscopy at interfaces with different 
barrier materiala^i^. 

In order to maintain a high electron spin polarization 
even at room temperature the Fermi energy should lie 
preferentially in the middle of the half metallic gap. In 
this aspect, experiments and theory disagree consider- 
ably. While DFT calculations find the Fermi energy in 
CMS to be situated close to the minority valence band, 
MTJs using MgO and AlO^ barriers indicate a Fermi en- 
ergy around midgap*^ and 10 meV below the conduction 
band^, respectively. 

So far, experimental spin polarization values have 
not reached the ideal limit of 100 % at the Fermi en- 
ergy. In most publications, an effective spin polariza- 



tion is inferred from the tunnel magnetoresistance ratio 
(TMR) of MTJ by making use of the JuUiere formula 
TMR = 2PjiPj2/(l - PjiPjz), where Pji and Pj2 de- 
note the effective spin polarization values for the respec- 
tive ferromagnet /insulator interfaceiS. A high tunnel- 
ing spin polarization of Pj = 89 % has been inferred 
using the tunneling magneto-resistance ratio (TMR) of 
a CMS/AlOx/CMS MTJ at 2 K, decreasing to 72% 
at room temperature^. Point contact Andreev reflec- 
tion (PCAR) measurements at T=4.2 K on bulk sin- 
gle crystals revealed PpcAR ~ 59 % — . Using spin- 
resolved photoelectron spectroscopy (SR-PES) carried 
out at room temperature, a maximum surface spin polar- 
ization value of PpES = 12 % was obtained for thin films 
of CoaMnSi (100) grown on GaAs(OOl) using 70 eV pho- 
tonsi^. For Heusler compounds grown on MgO(lOO) sub- 
strates, Co2FeSi, Co2MnGa and C02Cro.6Feo.4Al were in- 
vestigated by SR-PES so fari2,-ii. 

The strong temperature dependence of the TMR 
of Heusler based MTJs has been related to a tem- 
perature dependent spin polarization in the ferromag- 
netic electrode, via the JuUiere formula. Most promi- 
nently so called non-quasiparticle states have been in- 
voked^ii^. However, high energy photoemission exper- 
iments, applied to verify spin integrated calculated va- 
lence band densities of states could not confirm the pre- 
dicted changes in the peak position o^^i^° . Other intrin- 
sic bulk depolarization mechanisms such as spin orbit 
intcraction^i, magnetic sublattice non-collinearity, fluc- 
tuation induced hybridization changes and weakened ex- 
change coupling of the magnetic surface layer have been 
discussed22ii^ but still lack experimental verification. 

Extrinsic effects such as deviations of the L2i structure 
due to disorder and non-stoichiometric composition can 
lead to additional electronic states in the minority gap 
that reduce the spin polarization at the Fermi energy. 
Opposite to various non-critical types of defects, CoMn 
antisite defects have been predicted to induce minority 
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defect states at the Fermi energy^"—. Recent results 
suggest that such antisites are hard to avoid in stoichio- 
metric thin films but can at least partly be compensated 
by increasing the Mn/Co ratio^i^. However, at large 
Mn concentrations the precipitation of non- ferromagnetic 
MnsSi clusters has been postulated^S. 

Additional spin polarized electronic states may arise 
at surfaces and interfaces due to hybridization changes 
that occur at the boundary atomic layers^S. Such states 
are well known for surfaces with a gap in the surface- 
projected electronic band structure, for example in semi- 
conductors or in the projected bulk band gaps at the 
low index surfaces of various transition metal surfaces^S. 
Such localized states can contribute significantly to the 
electronic transport properties of tunneling magnetore- 
sistive devices^ and have been used to explain the I/V 
characteristics of magnetic tunneling junctions^. 

For free Co2MnSi (CMS) (100) surfaces, ab initio atom- 
istic thermodynamics predict four stable terminations: 
Mn-Mn, Mn-Si, Si-Si and vacancy-Si. Apart from the 
Mn-Mn termination, all stable surface configurations 
have been predicted to reduce the surface spin polar- 
ization due to the formation of minority surface state 
bands that are derived from partly filled Cod3z2_j.2 or- 
bitals and cross the Fermi level within the bulk minority 
band gap^. 

In this report we present a systematic characterization 
of the free (100) surface of Mn-deficient and Mn-rich CMS 
films in terms of geometric and spin resolved electronic 
structure. The low energy electron diffraction (LEED) 
patterns indicate a well-ordered surface. Using low en- 
ergy spin-resolved photoelectron spectroscopy (SR-PES), 
the spin-resolved electronic structure is determined and 
compared to state of the art photoemission calculations 
performed for different surface terminations and includ- 
ing dynamic correlation effects. Wc find that both LEED 
patterns and spin-resolved spectra corroborate the as- 
sumption of a Mn-Si or vacancy-Si terminated surface. 
The measured spin polarization at the Fermi energy is 
substantially reduced by the presence of surface states 
with predominant minority spin character and antisite 
defects. In particular we find that for Mn-poor alloys the 
spin polarization at Ep is negative due to the presence of 
CoMn antisite and minority surface state contributions. 
In Mn-rich alloys, the suppression of CoMn antisites leads 
to a positive spin polarization at the Fermi energy, and 
the influence of minority surface states on the photoelec- 
tron spin polarization is reduced. 



II. CALCULATIONAL DETAILS 

To fully understand the experimental data, we have 
performed first-principles calculations using the local- 
spin-density approximation (LSDA) of density func- 
tional theory within the spin-polarized fully relativis- 
tic Korringa-Kohn-Rostoker Green's function method 
(SPR-KKR)^"— . For the exchange and correlation 



potential we applied the Vosko, Wilk, and Nusair 
parametrizatioi*2i. To account for electronic corre- 
lations beyond the LSDA we employed a combined 
LSDA plus dynamical mean field theory (LSDA-HDMFT) 
scheme, self-consistent in both the self-energy calcula- 
tion and in the charge density calculation, as imple- 
mented within the relativistic SPR-KKR formalisn*^^'^. 
As a DMFT-solver the relativistic version of the so- 
called Spin-Polarized T-Matrix Plus Fluctuation Ex- 
change (SPTF) approximation^SiM was used. In con- 
trast to most other LSDA-I-DMFT implementations, 
within the SPR-KKR scheme the complex and energy- 
dependent self-energy Sdmft is implemented as an ad- 
ditional energy-dependent potential to the radial Dirac 
equation which is solved in order to calculate the new 
Green's function. This procedure is repeated until self- 
consistency in both the self-energy and the charge density 
is achieved. The double counting problem (separation of 
the Hubbard Hamiltonian from the LSDA one) was con- 
sidered within the usual around atomic limit (AAL). This 
scheme was successfully used before in describing mag- 
netic properties of CMS^. An appealing feature of the 
multiple scattering formalism is the possibility to calcu- 
late substitutionally disordered materials within the co- 
herent potential approximation (CPA). The CPA is con- 
sidered to be the best theory among the so-called single- 
site (local) alloy theories that assume complete random 
disorder and ignore short-range order. A combination 
of the CPA and LSDA-I-DMFT within the SPR-KKR 
method has been used recentlji^^i^i^. 

The self-energy within the DMFT is parametrized 
by the average screened Coulomb interaction U and 
the Hund exchange interaction J. The J parame- 
ter can be calculated directly within the LSDA and is 
approximately the same for all 3d elements; we used 
"/mii.Co^O.O eV for the Mn and Co atoms throughout 
our work. The parameter U is strongly affected by the 
metallic screening and it is estimated for the 3d metals 
between 1-3 eV. We used ?7Mn,Co=2.3 eV for the Mn and 
Co atoms^. DMFT calculations have been performed for 
T=400 K and we used 4096 Matsubara poles to calcu- 
late the corresponding SPTF self-energy. The effective 
potentials were treated within the atomic sphere approx- 
imation (ASA). 

As a first step of our theoretical investiga- 
tions, we performed LSDA-I-DMFT self-consistent 
electronic structure calculations for ordered bulk 
Co2MnSi and CPA calculations for three different 
disordered compositions (Co2(Mno.69Vacancyo.3i)Si, 
Co2(Coo.i68Mno.748Sio.o84)Si (corresponding to a Mn- 
poor compound of nominal Co2Mno.69Si composition) 
and (Coi.go9Mno.o9i)Mni.o(Sio.955Mno.o45) (correspond- 
ing to a Mn-rich compound of nominal Co2Mni.i9Si 
composition). For all systems we used the L2i structure 
with the experimental lattice constant (a/at=5.654A). In 
addition, to study surface effects for free Co2MnSi(100) 
surface, semi infinite screened KKR calculations^ 
(i.e. without using artificial slab geometry) have been 
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performed for four stable terminations: Mn-Mn, Mn-Si, 
Si-Si and vacancy-Si. For the multipole expansion of 
the Green's function, an angular momentum cutoff of 
^max = 3 was used. The integration in the k space was 
performed by the special points method using 1600 k 
points in the irreducible wedge. 

As a second step, actual valence band photoemis- 
sion spectra were calculated using a recent implemen- 
tation of the fully relativistic CPA formalism within the 
LSDA+DMFT method in the framework of the one step 
model of photoemission, which implicitly includes all ma- 
trix elements and surface effects^i^ and therefore allows 
for a direct comparison to the corresponding experimen- 
tal data. 



III. EXPERIMENT 

We have investigated two different Co2MnQ,Si(100) 
surfaces. Both films showed L2i bulk order in the 
XRD patterns. Sample CMS069 with a = 0.69 
exhibited a nominal bulk C02Mno.69Si1.01 composi- 
tion, while sample CMS119 with a = 1.19 exhibited 
C02Mn1.19Sio.88 composition. The layer structure of the 
samples was as follows: (from the substrate side) MgO 
buffer(10 nm)/CMS(a)/MgO barrier(2 nm), grown on a 
MgO(lOO) substrate. The CMS thickness was 50 nm for 
CMS069 or 30 nm for CMS119. Each layer was succes- 
sively deposited in an ultrahigh vacuum chamber (with a 
base pressure of about 6 x 10~^° mbar). The CMS layer 
was deposited at room temperature at RT using mag- 
netron sputtering and subsequently annealed in situ at 
600 °C. The MgO(lOO) barrier was deposited at RT by 
electron beam evaporation. Each layer in the above layer 
structure was grown epitaxiallySi. Before LEED observa- 
tions or spin-resolved photoemission measurements, sam- 
ples were annealed to 500 °C in situ in an ultrahigh vac- 
uum chamber for observations and measurements. All 
measurements were carried out at room temperature. 

LEED patterns of the sample surfaces were obtained 
by means of an Omicron 3-grid SpectaLEED system af- 
ter a cleaning procedure, consisting of the removal of the 
MgO barrier by 500 eV Ar+ sputtering and subsequent 
annealing of the CMS samples to 500 °C. From the ra- 
tio of spot width (Lorentz FWHM) and reciprocal lat- 
tice vector an instrumental transfer width^ of at least 
12 nm was determined at a clean Cu(lOO) reference sur- 
face and at E = 80 eV. The chemical composition was in- 
vestigated using an Auger system based on a cylindrical 
mirror energy analyzer, manufactured by Omicron Nan- 
oTechnology. Relative composition values were obtained 
using the method described in Ref. 143 . 

The photoemission spectra were obtained using the lin- 
early polarized 4th harmonic (photon energy 5.9 eV) of a 
100 fs Ti:Sapphire oscillator (Spectra Physics Tsunami). 
Using a phase retarding plate the light polarization could 
be switched from s polarization (electrical field vector 
perpendicular to the plane of incidence) to p polarization 



(electrical field vector within the plane of incidence) . The 
photon angle of incidence onto the samples was 45 ° . The 
photoelectron spectra were taken in normal emission ge- 
ometry, integrating along the FX momentum direction. 
A biasing voltage of —4 V was applied between sample 
and detector in order to increase the effective parallel 
momentum integration window. Due to the large unit 
cell size of CMS and the large angular acceptance angle 
of the analyzer of ±15 ° along the sample [110] direction 
(FK=FX momentum direction), the photoemission spec- 
trum integrates electron momenta over almost 60 % of 
the surface Brillouin zone of Co2MnSi in TK direction. 

Spin polarized photoemission spectra were recorded by 
means of a commercial 90 ° cylindrical sector energy ana- 
lyzer (Focus CSA 300), equipped with an additional spin 
detector based on spin-polarized LEED at a W(IOO) crys- 
tal (Focus SPLEED). The achieved effective energy res- 
olution is 210 meV full width at half maximum as deter- 
mined from a simulation of the work function cutoff of 
the spectra. 

Due to the detection geometry, the electron spin polar- 
ization (ESP) along the CMS [Oil] direction (in-plane) 
and along the surface normal (out-of-plane) can be de- 
termined. A Sherman factor of S=0.2 was used to de- 
termine the spin polarization from the measured inten- 
sity asymmetry of opposite diffraction spots. Apart from 
statistical errors, a systematic relative spin polarization 
error due to uncertainties in the determination of the 
Sherman factor (S=0.2. . .0.25) can not be excluded^. 
Minority and majority spin spectra were calculated us- 
ing the formula /-f-| = / (1 ± P) using the experimental 
ESP P and the averaged count rate / of corresponding 
opposite channeltrons. For the spin-resolved measure- 
ments the CMS film was remanently magnetized along 
the in-plane [Oil] direction by applying an external in- 
plane magnetic field of /^qH = 15 mT, which is sufficient 
to saturate the magnetization of the investigated sam- 
ples. Detector related asymmetries are canceled out by 
taking separate measurements with reversed sample mag- 
netization. With this setup an in-plane spin polarization 
of 30 % at the Fermi energy was achieved on a 200 nm 
thick film of polycrystalline CoyoFeao. The out-of-plane 
spin component vanished within the experimental error. 



IV. SURFACE CHARACTERIZATION 

Before investigating the surface electronic structure of 
Co2MnSi(100) a clean and well defined sample surface 
was prepared. This was accomplished by sputter clean- 
ing using 500 eV Ar+ ions and subsequent heating of the 
sample. The surface quality was confirmed by Auger 
spectroscopy and by LEED pattern analysis. 

In Figure [1] the LEED patterns of an MgO tun- 
neling barrier (Bl structure), sample CMS069 and a 
C02Cro.6Feo.4Al (B2 structurei^i^) are shown. The pat- 
tern of CMS069 and CMS119 (not schown) are identical. 
Sharp spots indicate a well ordered CMS surface. Com- 
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FIG. 1: LEED patterns of a) a MgO barrier (E=82eV), 
b) sample CMS069 (E=57eV) and c) C02Cro.6Feo.4Al 
(E=:74eV). 
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FIG. 2: Auger spectrum of the free CMS069 (100) 
surface, obtained at 3 kV primary electron energy 



paring with the MgO(lOO) surface pattern, we observe 
the compressed and rotated spot pattern expected from 
the larger unit cell CMS and the resulting 45 ° growth 
in order to minimize lattice misfit. Moreover, an (effec- 
tively) monoatomic surface termination as shown in the 
C02Cro.6Feo.4Al pattern can be excluded by the presence 
of the (11) edge spot, indicating a square two-atomic sur- 
face lattice. Thus we conclude that the (100) surface of 
the samples CMS069 and CMS119 is indeed terminated 
by a Mn-Si (or vacancy-Si) layer as reported in earlier 
publications on stoichiometric CMS^^i^i^. 

In order to determine the chemical composition of the 
CMS069 surface. Auger spectroscopy has been carried 
out. The obtained spectrum of sample CMS069 is dis- 
played in Fig. O It clearly shows the signatures of the 
constituting elements, along with some residual argon 
from the sputtering process, carbon (1 %) and oxygen 
(3 %) which could not be removed without leaving the 
optimum annealing temperature range. Using the peak- 
to-peak amplitudes of the differential spectrum and the 
sensitivity factors given in Rcf . 4^ the composition of the 
surface was obtained. The analysis of the differentiated 
Auger spectrum yields a nominal surface composition of 
C02Mno.85Sio.93, thus a slightly higher Mn content than 
the thin film value determined by ICP analysis^l. For 
CMS119, we obtain a nominal surface composition of 



V. ELECTRONIC STRUCTURE 
A. SR-PES spectra 

In Figures [3] and U] we show the spin resolved photoe- 
mission spectra obtained respectively from the freshly 
prepared CMS069 and CMS119 surfaces, using p and 
s polarized laser pulses for excitation. As expected 
from the chemical and structural similarity, both samples 
show similar spectral features, labeled with M1...M3 
(ml. . . m3) in the majority (minority) spectra. However, 
the resulting electron spin polarization (ESP) shows pro- 
nounced differences in its features, labeled (A). . . (E). 

The most striking differences between CMS060 and 
CMS119 are observed at feature (A) in the energy region 
around the surface Fermi level. In CMS069, a negative 
ESP is observed for both s and p polarized excitation, 
while in CMS119, the ESP in (A) is positive for both 
light polarizations, but still far from 100 %. 

Towards lower energies the ESP recovers to values be- 
tween -1-0.2 and -fO.3 (B). Continuing further downwards 
in energy we observe a slight minimum (C), followed by 
a maximum (D). The latter two features are more pro- 
nounced in CMS119 as compared to CMS069. A mini- 
mum (E) in the ESP is visible for all samples. However, 
its energy is shifted by 0.2 eV towards Ep in CMS119 
(compare Tab.[l|. We do not observe any peak shifts due 
to a change of the light polarization. 
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TABLE I: Energetic position of the described spin 
polarization features given in eV with respect to Ep . 

In order to identify spectral features responsible for the 
observed ESP wc have plotted the majority and minority 
spectra in the lower panels of Figs. [3] and U] The ener- 
getic positions of the most dominant spectral features are 
summarized in Tab. [Hi First we note that the spectral 
peak positions do not much depend on the polarization 
direction of the incident photons. 
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TABLE II: Peak energies within the minority (m) and 
majority (M) spectra given in eV with respect to Ep . 
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FIG. 3: Spin resolved photoemission spectra of the free 
CMS069 (100) surface for p-polarized excitation (left) 

and s-polarized excitation (right). Upper panel: 
electron spin polarization (ESP), lower panel: majority 
and minority count rates. ESP features are marked by 
A. . . E, Majority (minority) features are labelled 
Ml. . .M3 (ml. . .m3). 
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FIG. 4: Spin resolved photoemission spectra of the free 
CMS119 (100) surface for p-polarized excitation (left) 

and s-polarized excitation (right). Upper panel: 
electron spin polarization (ESP), lower panel: majority 
and minority count rates. ESP features are marked by 
A. . . E, Majority (minority) features are labelled 
M1...M3 (ml...m3). 



As we can clearly see in Fig. [31 the negative ESP (A) 
of CMS069 at the Fermi energy is related to a strong 
peak ml in the minority electron spectrum, with a higher 
contribution to the spectrum for p polarized excitation 
than for s polarized excitation. The recovery of the ESP 
(B) is reflected in a local minimum of minority intensity 
following the minority peak at the Fermi energy. 

In sample CMS119, the spectral features around Ep 
are less pronounced than for CMS069 but nevertheless 
show a clear polarization dependence (see Fig. H]). In 
contrast to CMS069, the ESP at Ep is dominated by the 
majority spin channel. For p polarized light, the majority 
DOS is clearly metallic, leading to the strong maximum 
(B). For s polarized excitation, the maximum (B) is less 
pronounced, which is reflected in a less well defined Fermi 
level cutoff for majority electrons. The minority DOS 
around Ep is strongly reduced as compared to CMS069. 
The ESP minimum (C) is formed by the features m2 and 
M2 in both minority and majority spectra, with similar 
peak positions in both samples. The small ESP increase 
at the low energy end of the plateau is caused by the 
broad majority peak M3. The latter and the minority 
peak m3 in CMS119 are both shifted by almost the same 
amount of 0.2 eV towards Ep with respect to CMS069, 
causing the observed shift of the ESP minimum (E). 



B. Initial state symmetries 

In this section we identify the symmetry properties of 
the initial states, giving rise to the intensity differences 
observed for different light polarization directions (p and 
s). To this end, we have calculated the ps-asymmctry 



spectra Aps = f for majority and minority electrons 

of each sample (see Fig. [5]). Here, Ip and Is are the in- 
tensities of the respective photon polarization. To com- 
pensate for the larger photoelectron yield when using p- 
polarized light, the intensities of the spin resolved spec- 
tra have been normalized to the intensity of the minority 
peak m2 for p and s polarized excitation, respectively. 
If both polarization directions would address only states 
with the same symmetry, the ps-asymmetry would be a 
constant, independent of the normalization. 

The observed ps-asymmetry is caused by matrix ele- 
ment effects due to the different spatial symmetry prop- 
erties of the involved initial states, and indicates the re- 
flection symmetry of the initial states with respect to 
a mirror plane normal to the sample surface. While s- 
polarized light has only components along the in-plane 
[Oil] direction and thus only excites states with A5 sym- 
metry, p-polarized light additionally excites states of Ai 
symmetry in our experimental geometry, due to its flcld 
component along the normal [100] direction^. The vari- 
ation of the ps-asymmetry spectrum thus can be used 
as a measure for the contribution of states compatible 
with Ai symmetry, be it a bulk, defect or a surface re- 
lated transition. The background is formed by a com- 
mon contribution originating from As initial states that 
contribute to the spectrum of both light polarization di- 
rections. 

The experimental ps-asymmctry of majority (M) and 
minority (m) electron spectra for CMS069 and CMS119 
are displayed in Fig. [S] We observe a strong ps- 
asymmetry maximum around the Fermi energy Ep in 
both samples, for both majority and minority electrons. 
This asymmetry peak extends down to —0.6 eV, with its 
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FIG. 5: Calculated experimental asymmetry spectra for 
p and s polarized excitation in CMS069 (upper panel) 
and CMS119 (lower panel). Majority (minority) spin 
spectra are marked with red triangles (black squares). 

The spin resolved spectra of each sample and 
polarization were normalized on the respective minority 
m2 peak. 



maximum situated close to the features Ml and ml. We 
observe a clear substructure in CMS069, which can be 
related to the shift between the center of gravity of the 
peak Ml and the sharp peak ml. A relative minimum 
is reached close to the position of the features m2 and 
M2. Towards lower energies, the Ai contribution stays 
stable (CMS069) or rises slightly (CMS119). In contrast 
to CMS069, the Ai contribution in CMS119 is stronger 
in the majority spectrum. This could explain the higher 
TMR ratios in MgO based MTJs for Mn-rich CMS elec- 
trodes, where the transmission of wave functions with Ai 
symmetry is favored^. 



C. Resonant bulk transitions 

In this section we identify the possible contribution 
of bulk electronic transitions and final state effects to 
the experimental spectra in section IIIII For this purpose 
we calculated the bulk spectral functions of stoichiomet- 
ric CMS along the surface normal using LSDA-f DMFT. 
In Fig. [S] we show an overlay of the ideal L2i occupied 
bands (black) and a replica (orange) of the unoccupied fi- 
nal states, where the latter are shifted downwards by the 
experimental photon energy of fta;=5.9cV. In this way, 
energy {AE = huj) and momentum-allowed (Ak = 0) 
bulk resonant interband transitions appear as crossing 
points between occupied and unoccupied bands and can 
directly be compared to the energies of measured spectral 
features. Matrix element effects such as symmetry selec- 
tion rules are not considered in this picture. Since the 
momentum conservation is broken along the surface nor- 
mal, all transitions along the FX direction are expected 



to contribute to the measured photoelectron spectrum. 

First we note that there are no allowed resonant bulk 
majority transitions in the vicinity of the Fermi energy. 
Resonant bulk transitions in the majority spin direction 
can only be found below E — Ep = —0.9 eV, They involve 
localized orbitals as initial states and most probably con- 
stitute the main contribution to the broad majority M3 
peak. Above this energy, we find dispersive bulk ma- 
jority electron states with Ai and A5 symmetry^, with 
their band bottom situated 0.6 eV and 0.7 eV below the 
Fermi energy, respectively. These states might be the 
origin of surface resonances that form the complex peak 
consisting of Ml and M2 in the majority spectra, and 
thus might contribute significantly to the measured ESP 
in the vicinity of Ep . 

For minority electrons, possible resonant bulk transi- 
tions can be found starting 0.5 eV below the bulk valence 
band maximum. These transitions stem from the disper- 
sive minority valence band and contribute to the minority 
peak m2 in the spectra. Between -1.0 eV and -1.4 eV a 
second, more localized set of resonant transitions appears 
which we assign to the positions of peak m3 in the mi- 
nority spectra. Due to their flat dispersion, these states 
should be robust against final state effects. 

In the vicinity of the Fermi energy, only non-resonant 
optical minority electron transitions are possible, and no 
intensity should be expected from the minority gap re- 
gion due to the lack of initial states. Thus, at our pho- 
ton energy the measured ESP around the Fermi energy 
should depend sensitively on additional gap states caused 
by bulk defects or by the surface. These states are thus 
the dominant contribution to the observed minority peak 
ml, as will be discussed in Sec. IVDI and Sec. IV El 



D. Disorder effects for a = 0.69 and a = 1.19 

In order to identify possible bulk disorder effects that 
might affect the measured ESP we have calculated the 
spin resolved density of states (DOS) for the nominal 
compositions Co2MnQSi with a = 0.69 and a = 1.19, us- 
ing LSDA+CPA. Here we restrict ourselves to the DOS 
since bulk defects are intrinsically localized and thus are 
not affected by final state effects. The lattice occupa- 
tions have been inferred from the formula unit model in- 
troduced by Yamamoto et al. — , assuming that the L2i 
structure is preserved and that the formation of bulk va- 
cancies is energetically unfavorable compared to the for- 
mation of antisites. 

This assumption has first been tested using 
Co2Mno.69Si. Two limiting cases have been mod- 
eled: the vacancy model assumes that the positions 
of the missing Mn atoms are left empty; the antisite 
model assumes that these positions are filled with Co 
and Si atoms to preserve a full occupation of the L2i 
lattice. In Fig. [7^ and FiglTjD we show the calculated 
spin polarization and spin resolved DOS for the antisite 
model Co2(Coo.i68Mno.748Sio.o84)Si and the vacancy 
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FIG. 6: Possible bulk transitions for majority and 
minority electrons along the FX momentum direction of 
CMS as calculated using LSDA+DMFT. Occupied bulk 
states (unoccupied final states) are shown as black 
(orange) lines. Crossing points correspond to energy 
and momentum allowed transitions at the photon 
energy of fta;=5.9 eV. 



model Co2(Mno.69Vacancyo.3i)Si, respectively. 

Surprisingly, the antisite model almost reproduces all 
features (A. . . E) of the measured spin polarization of 
CMS069. Compared to the pure LSDA calculations for 
stoichiometric CMS (taken from Ref and marked by 
dashed lines), the minority gap at the Fermi energy is 
closed in the antisite model. The additional electrons 
due to the excess Co are thus mainly accommodated in 
minority gap states. In addition, the maximum in the 
majority DOS appears slightly shifted towards Ep in the 
antisite model DOS. 

There are two particularities of the spectra we want to 
highlight. First, LSDA+CPA underestimates the mea- 
sured spin polarization in CMS069, predicting a Fermi 
level ESP of -10 % instead of the measured -20 %. This 
is astonishing since calculations tend to predict larger ab- 
solute ESP values than observed in spectra, and points 
to an additional surface effect that is not considered in 
the LSDA-I-CPA calculations. A second aspect is related 
to the positions of the main peaks in the minority and 
majority DOS. While the minority peak at -1.44eV fits 
perfectly to the peak m3 of the experimental CMS069 
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FIG. 7: CPA calculations for a = 0.69. Missing Mn 
atoms are replaced by a) Co and Si atoms and b) 
vacancies. Upper panel: spin polarization. Lower panel: 
majority (red) and minority (black) DOS. Dashed lines 
represent pure LSDA calculations of stoichiometric 
CMS as published in Ref. H 



spectrum, the strong majority DOS peak at -0.92 eV has 
no direct counterpart in the measured majority spectrum 
of GMS069. This points out the relevance of final state 
effects for the bulk related features of the spectra. Apart 
from that it is obvious that the formula unit model agrees 
well with our spectra, indicating a large contribution of 
bulk CoMn antisite defect states that contribute to the 
ml feature in the minority bands of the Mn-deficient 
CMS069 sample. 

In contrast to the antisite model, the introduction of a 
large degree of vacancies into the L2i structure results in 
a massive change of the electronic structure both in the 
majority and the minority DOS which does not correlate 
with the experimental data and thus will be considered 
no further. 

We will now focus on th Mn-rich sample CMS119. 
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FIG. 8: CPA calculations for a = 1.19. Surplus Mn 
atoms arc hosted by the Co and Si sublattice. Upper 
panel: spin polarization. Lower panel: majority (red) 
and minority (black) DOS. Dashed lines represent 
LSDA calculations of stoichiometric CMS 




FIG. 9: Calculated spin polarization spectra of the 
CMS(IOO) surface, using a photon energy of 5.9 eV and 
s-polarized light. 



According to Ref. 1271, increasing the Mn/Co ratio even 
above the stoichiometric 1:2 should suppress the detri- 
mental CoMn antisites and lead to an improved ESP. 
We calculated the spin polarization and spin resolved 
DOS for the Mn-rich Co2Mni.i9Si using the composition 
(Coi.go9Mno.o9i)Mn(Sio.955Mno.o45) according to the for- 
mula unit model (see Fig. Most importantly, the 
minority spin gap remains open in this configuration, 
though its width is slightly reduced. 

As in CMS069, the energetic positions of the ESP fea- 
tures (B) and (C) are almost exactly reproduced. The 
predicted position of (E) is the same as for CMS069, but 
the corresponding experimental CMS119 minority fea- 
ture m3 is shifted by 0.2 eV towards Ep (cf. Tab. 
This might be a final state effect or a surface effect. 
As already observed for the Mn-deficient case, the maxi- 
mum of the majority DOS appears shifted to E=~0.8 eV, 
coinciding roughly with the majority feature M3 at 
E=-0.92 eV of CMS119. This might be a consequence of 
Mnco antisites which reduce the number of electrons in 
the majority bands. Otherwise the DOS is nearly iden- 
tical to the one of stoichiometric CMS. The experimen- 
tal spin polarization is qualitatively well reproduced by 
the simulation, but in contrast to CMS069 the calcula- 
tions yield much higher absolute values of the ESP. We 
obtain a large positive spin polarization at the Fermi en- 
ergy, which confirms the interpretation that Mnco and 
Mngi antisites do not affect the half metallic properties 
for a > 1 at Ep . The slight decrease in the measured 
ESP close to the Fermi energy for p-polarized light is not 
reproduced. As an explanation we propose that either 
the disorder induced narrowing of the minority band gap 
or the presence of minority surface states are responsible 
for the ESP reduction very close to Ep . 



E. Surface effects 

As we have seen in the previous sections neither bulk 
transitions nor defects can fully explain the experimen- 
tal spin resolved spectra close to Ep , and surface effects 
have to be taken into account. In order to illustrate the 
sensitivity of the spin polarization to the surface termi- 
nation we calculated spin resolved photoemission spectra 
for all thermodynamically stable surface terminations of 
stoichiometric CMS^, using LSDA-hCPA-^DMFT in the 
framework of the one-step model of photoemission. 

First we concentrate on the spin polarization (Fig.[S|), 
which is displayed for the Co-Co, the Mn-Si, the Mn-Mn 
and the vacancy-Si termination. All surface terminations 
show a strong reduction of the spin polarization at the 
Fermi level, i.e. none of the sample surfaces is truly half- 
metallic in our calculation. This holds in particular for 
Mn-Mn terminated surface which has earlier been sug- 
gested to be half metallio^Si. In our calculations for that 
surface termination we clearly observe a dispersive minor- 
ity surface state along FX that crosses the Fermi energy 
(cf. Fig.Hni). 

For the vacancy-Si and the Mn-Si terminations corre- 
sponding to the observed LEED patters we find a good 
qualitative agreement with the experimental ESPs, in 
particular with the features (B) to (E). In CMS069, even 
the negative spin polarization at the Fermi energy and 
the bulk related minimum (E) of the spin polarization 
&i E — Ep = —lAeV are well reproduced. The mono- 
atomic Co-Co and Mn-Mn terminations are less similar 
to the measured spin polarization spectra, emphasizing 
the strong impact of the surface termination on the pho- 
toemission spectra. 

In CMS119, we find some discrepancies. First, the in- 
fluence of surface states on the experimental data is less 
than predicted in the calculations based on stoichiomet- 
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(a) Majority (b) Minority 

FIG. 10: Surface electronic structure of the Mn-Mn 
terminated CMS surface along the FX direction, 
calculated in the LSDA scheme. 




E-E,|eV) 



FIG. 11: Calculated majority and minority spectra of 
the CMS(IOO) surface, terminated by a final Co-Co, 
Mn-Mn, Si- void and Mn-Si layer, and using a photon 
energy of 5.9 eV and s-polarized light. 



ric CMS, even though CMS119 should be electronically 
more similar to bulk CMS than CMS069. This leads us 
to the conclusion that the calculations somehow overesti- 
mate the influence of surface states also in CMS069, and 
the negative spin polarization is the result of both bulk 
minority defect states and surface states. 

Second, the observed shift of the ESP minimum (E) 
towards Ep in CMS119 is explained neither by the bulk 
calculations of stoichiometric CMS nor by the CPA cal- 
culations for the non-stoichiometric systems. Only the 
calculated Mn-Mn surface photoemission spectra can re- 
produce the correct position of minimum (E). This can 
be seen well in the spin resolved surface spectra displayed 
in Fig. [TT] where we observe a strong minority peak at 



E=— 1.2eV, while, in contrast to the calculations, the 
majority spectrum appears rather flat and unstructured. 
This minority feature must be dominantly surface related 
since it appears nowhere else in this intensity and does 
not show up for other surfaces. We thus conclude that a 
part of the CMS119 surface might be Mn-Mn terminated 
or at least Mn enriched. This is not in contradiction 
to the observed LEED patterns since, as in bulk x-ray 
diffraction, a fraction of B2-type ordered surface areas or 
point defects cannot be excluded from the surface diffrac- 
tion pattern. 



VI. CONCLUSIONS 



In this report we investigated the free surface of thin 
Co2MnQSi(100) films, using a combination of LEED, 
spin-resolved photoelectron spectroscopy and electronic 
structure calculations. Due to the little dispersion of the 
bulk d-bands of CMS, many features of the experimental 
spectra can directly be related to bulk features. However, 
in particular in the range of the Fermi energy where the 
majority bands are strongly dispersive, resonant majority 
interband transitions arc momentum-forbidden for the 
selected photon energy, rendering our experiment sensi- 
tive to even small amounts of defects or surface states 
not only in the minority but also in the majority bands. 
The experimental spin resolved photoemission spectra of 
the free surfaces of nonstoichiometric Co2MnSi films were 
in good agreement with LSDA-f-CPA calculations based 
on the formula unit model that assumes the formation 
of antisites rather than vacancies for nonstoichiometric 
Co2MnSi. Explicit photoemission calculations indicate 
that the surface termination also has a strong influence 
on the surface electronic spin polarization. Our experi- 
mental spin-resolved photoelectron spectra enable us to 
trace back the observed spectral features, finding bulk 
states at lower energies as well as surface and defect in- 
duced states close to Ep . Best agreement is obtained for 
the Mn-Si terminated surface wich is also supported by 
the LEED patterns. Polarization resolved measurements 
indicate majority as well as minority states with a strong 
Ai-compatible symmetry contribution at the Fermi en- 
ergy, in particular in the Mn-poor compound. Here the 
negative spin polarization at the Fermi energy is related 
to minority surface and bulk antisitc defect states, which 
is also consistent with the formula unit model. In the 
Mn-rich compound we find no sign of bulk defect in- 
duced minority gap states. Here the spin polarization 
at the Fermi energy is mainly determined by the con- 
tribution of majority electrons with Ai symmetry which 
should have a positive infiuence on the TMR ratio of 
MgO based magnetic tunnel junctions. 
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